Several fungi in the Aspergillus section Flavi have been widely used for fermentative food production, while some related species in the section are known to produce mycotoxin(s) that causes mycotic diseases. Common evolutionary markers, such as rRNA gene sequences and their internal transcribed spacers, cannot differentiate these non-aflatoxinproducing species from aflatoxin producers. Multilocus sequence analysis (MLSA) based on four aflatoxin biosynthetic genes encoding aflR, aflT, norA, and vbs, which are more variable nucleotide sequences than rRNA genes, can distinguish safe koji molds, A. oryzae and A. sojae, from aflatoxin-producing strains, A. flavus, A. toxicarius and A. parasiticus.
A few species of the genus Aspergillus section Flavi, such as A. oryzae and A. sojae, are widely used in food fermentation processes in East Asia (1, 2) . On the other hand, several species belonging to this section, such as A. flavus, A. parasiticus, and A. toxicarius, are known to produce aflatoxin, a toxic and carcinogenic mycotoxin (6, 16) . In recent years, molecular phylogenetic approaches on the basis of small (5.8S and 18S) and large (28S) subunits of the rRNA gene and their internal transcribed spacer (ITS) region sequences have been applied for classification of the genus Aspergillus section Flavi in the same manner as the classification of prokaryotes (16) . However, accurate identification of the closely related Aspergillus species within the section Flavi using these phylogenetic markers is still difficult because the fungal rRNA gene and ITS region sequences are highly conserved as compared with prokaryotes. Although clear differences were found in 0.5% of the total genome sequence (equivalent to approx. 200 kbp) between a non-aflatoxinproducer, A. oryzae, and an aflatoxin-producer, A. flavus (17) , their 18S rRNA, 26S rRNA, and ITS regions are almost identical (14, 16) . A similar example has been reported in the molecular identification of A. sojae, A. parasiticus, and A. toxicarius (14, 16) .
So far, single-strand conformation polymorphism of the o-methyltransferase gene (omtA) involved in the aflatoxin biosynthetic pathway has been applied to identify members of A. flavus and A. oryzae within the section Flavi (7). Similarly, phylogenetic analyses of limited members of aflatoxin-producing strains affiliated with the section Flavi were performed on the basis of the versicolorin reductase gene (ver-1) in the aflatoxin biosynthetic gene cluster (5) . Most recently, a transcriptional regulator of the aflatoxin biosynthetic gene (aflR) and a toxin transporter gene (aflT) have been used to identify Aspergillus section Flavi with a polyphasic molecular approach consisting of real-time PCR, random amplification polymorphic DNA (RAPD), and SmaI digestion fingerprinting (8) . Although these molecular biological strategies are powerful tools for the identification of Aspergillus section Flavi, the development of more accurate techniques is a prerequisite not only for food quality control but also for diagnosis in clinical practice.
The aflatoxin biosynthetic genes are considered to be useful for differentiating species belonging to the genus Aspergillus section Flavi, because their nucleotide sequences are relatively variable. Multilocus sequence analysis (MLSA; see Sawabe et al. [18] that described this method in detail) of Aspergillus spp., using multiple gene loci and increased length of the nucleotide sequence, has promise to improve the resolution of phylogenetic affiliation (15) ; however, an appropriate set of genes for MLSA to differentiate closely related species within the section Flavi has not yet been found. In this paper, we examined whether MLSA based on four aflatoxin biosynthetic gene sequences is effective to differentiate closely related species in the genus Aspergillus section Flavi.
For this comparative study, aflatoxin biosynthetic gene sequences in 22 strains belonging to the genus Aspergillus section Flavi were used. Of these 22 strains, the aflatoxin biosynthetic gene sequences in the A. flavus strains AF13, AF36, AF70 (5), and NRRL 3357 (22) Freeze-dried samples were rehydrated according to the supplier's instructions. The suspension of each fungal cell was directly used for DNA extraction using a FTA Elute micro card (Whatman, Maidstone, UK) according to the manufacturer's instructions with slight modifications. In brief, 30 µL cell suspension was applied to the FTA card and then dried at 80°C for 20 min. Bulk DNA was eluted from the FTA disk with 50 µL sterile water at 95°C for 30 min, and directly used for PCR amplification. The purity of each strain and its morphological identity were verified by culturing on appropriate medium according to the instructions.
Four aflatoxin biosynthetic genes encoding aflR (transcriptional regulator), aflT (toxin transporter), norA (norsolorinic acid reductase), and vbs (oxidase/dehydrogenase for synthesis of versicolorin B) were amplified using the specific primer sets described previously (20) . These genes were amplified with the KOD -plus-Ver.2 (TOYOBO, Osaka, Japan) and Veriti Thermal Cycler (Applied Biosystems, Foster City, CA, USA). A thermal cycle program was used consisting of the first denaturation at 94°C for 2 min followed by 40 cycles consisting of denaturation at 98°C for 10 sec, annealing at an appropriate melting temperature (54°C for aflT, 55°C for aflR, 57°C for vbs, and 60°C for norA) for 30 sec, and extension at 68°C for 1 min, with the last cycle followed by 9 min extension at 68°C.
The purified PCR products were directly sequenced using a BigDye Terminator v3.1 Cycle Sequencing Kit and a 3130xl Genetic Analyzer (Applied Biosystems) according to the manufacturer's instructions. Alignment of the previously reported and newly obtained aflatoxin biosynthetic gene sequences and construction of a distance matrix tree on the basis of the neighbor-joining method were performed with MEGA ver. 4.1 software (19) .
The approximate sizes of PCR amplicons of aflR, aflT, norA, and vbs genes (250, 840, 610, and 750 bp, respectively) were successfully amplified and sequenced in all samples. The intron-excluded sequences available to phylogenetic analyses were 163, 349, 386, and 427 bp, respectively (Fig.  S1 ). Before construction of the distance matrix tree on the basis of MLSA, that on the basis of each single gene locus was performed. The phylogenetic tree based on the aflR gene sequence indicated that members of A. nomius, A. pseudotamarii, and unclassified isolate BN008R (all strains are recognized as aflatoxin producers) (4, 5, 9), were clearly distinguished from any other species with relatively high bootstrap values (>97%), whereas members of A. oryzae and A. sojae (all members are known as non-aflatoxin-producing strains) were indistinguishable from aflatoxin-producing strains, such as A. flavus, A. parasiticus, and A. toxicarius (Fig. 1) . Whereas other phylogenetic trees based on a single aflT, norA or vbs gene sequence essentially had similar topological features, each tree had low reliability because there was no significant evolutionary distance (Figs. S2, S3 , and S4). Of these four genes, vbs showed the most variable gene sequences, but the tree constructed only by the vbs gene sequence had low bootstrap support (Fig. S4) . These results supported the difficulty in the differentiation of A. oryzae and A. sojae from the closely related aflatoxin-producing species by analysis based on only a single gene locus (14, 16) .
MLSA on the basis of aflR, aflT, norA, and vbs gene sequences (1,325 bp was used in the analysis) of 22 strains belonging to the genus Aspergillus section Flavi was performed (Fig. 2) . All strains of A. oryzae and A. flavus formed into four separate clusters, named OF1, OF2, OF3, and OF4, with relatively high bootstrap values (>97%). Remarkably, A. oryzae species were identified as a monophyletic assemblage (cluster OF1), and were clearly distinguished from the A. flavus species. Cluster OF1 consisted of the type strain of A. oryzae NBRC 5375
T , the type strain of A. oryzae var. brunneus NBRC 30102
T and a whole genomesequenced strain A. oryzae RIB40, which are the most significant species for sake brewing (10, 13) .
Strains of A. flavus fell into three other clusters (Fig. 2) . OF2 cluster contained A. flavus NRRL 3357, A. flavus AF70 and A. flavus AF36. A. flavus NRRL 3357 is a whole genome-sequenced strain that is able to produce aflatoxin (22) . A. flavus AF70 in the same cluster is also known to be an aflatoxin producer, whereas there is no report that A. flavus AF36 produces aflatoxin (3). OF3 cluster was composed of the type strain of A. flavus var. columnaris NBRC 5324 T and the neotype strain of A. flavus NBRC 30107 T , which are both known to be non-aflatoxin-producing strains (12) , and the OF4 cluster consisted of aflatoxin-producing strains A. flavus var. flavus NBRC 33021 (21) and A. flavus AF13 (3). These results suggest that MLSA using four aflatoxin biosynthetic gene loci was able to distinguish between the A. oryzae and A. flavus at species level, and this analysis had potential to differentiate non-aflatoxin-producing strains from aflatoxin producers. T (AY510454) was used as an outgroup. The topology of the tree was estimated by bootstrap analysis with 1,000 replicates. Bar indicates 1% base substitution. Bold indicates fungus known to produce aflatoxin. The toxigenicity of each strain refers to the following references: NBRC website (http:// www.nbrc.nite.go.jp/); ATCC website (http://www.atcc.org/). Trees based on maximum parsimony and minimum evolution algorithms showed essentially the same topology and a high bootstrap value in each blanching point (data not shown).
A. sojae is generally recognized as an non-aflatoxinproducing strain (11) and is recognized as a safe koji mold for food fermentation processes, as is A. oryzae (2). Phylogenetic analyses based on the 18S rRNA gene and ITS region sequences cannot clearly distinguish strains of A. sojae from those of A. parasiticus and A. toxicarius (14) ; however, MLSA based on four aflatoxin biosynthetic genes showed that members of A. sojae were obviously distant from those of aflatoxin-producing strains, A. parasiticus and A. toxicarius (Fig. 2) . Even in MLSA, differentiation of A. parasiticus and A. toxicarius was unsuccessful, similar to phylogenetic analyses previously reported (14, 16) . Further study using a larger number of strains belonging to A. toxicarius and A. parasiticus is needed for accurate phylogenetic differentiation.
Aflatoxin biosynthetic genes are found not only in aflatoxin-producing species but also in non-aflatoxinproducing species, such as A. oryzae and A. sojae. In nonaflatoxin-producing species, some mutation is observed within the gene cluster responsible for not only regulation of the expression but also the structural gene, resulting in the prevention of aflatoxin biosynthesis (11, 20) . In spite of the presence of aflatoxin biosynthetic genes, they never produce aflatoxins and have been used safely for food production. Also, these species has been recognized as a "Generally Recognized as Safe (GRAS)" by the Food and Drug Administration (FDA) in the United States (10) . Aflatoxin biosynthetic genes in non-aflatoxin-producing species are therefore relatively changeable as compared with stable evolutionary markers such as rRNA gene sequences. Although further studies adding more strains and their gene sequences are prerequisite, MLSA based on the aflatoxin biosynthetic genes is an accurate and reliable identification technique with high resolution, and is able to identify safe koji molds, A. oryzae and A. sojae, from aflatoxin-producing strains, A. flavus, A. toxicarius and A. parasiticus.
Nucleotide sequence data have been submitted to the DDBJ/EMBL/GenBank databases under accession numbers AB618208 to AB618263.
